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ABSTRACT 


Amorphous magnesium silicate smoke particles were condensed from 
hydrogen and argon atmospheres containing Mg and SiO. A wide range 
of initial compositions were observed but all particles could be 
recrystallized into forsterite (Mg 2 SiO^) by heating to 1000°C in 
vacuum. The amount of smoke formed decreased rapidly with temperatures 
between 300 and 800°K at reactant partial pressures of about 1 torr. 
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1 . 1 NTRpnill’ TION 

Wi‘ L*t’[uirl lu Li- Llu' riTHt luhoratovy rotuiltH oT an I'xiu'rlmtMual 
and fhcnri'l leal fUiuly ol tho I'nnnatlnn of sjo.lld pai'Llc'loB In auLvonomleal 
nvHtomn. An Initial l hoorot leal analyjsln Vvuuj pi’ovlonaly pnlillaluHl 
(Donn, 

Till' provalllnp, bol lot la that alllcatort aro the baale componont 
ol mloi-on al;ro p.ralna obaiu’vod In tho Intoratollao inodlum, clooum- 
atollar oloiidts oxoopt around carbon atarn, and comota (Wooll, lb7^i; 
iMold, I97'i; Noy, 1M77). In tlioao objocta tho Infrared apoctnim baa 
a broad, at ructuroloaa lOum foatuiv and a ponorally woakor one at 20iiii\. 
Thoso have boon attrllmtod to tho Sl-0 atrotchliH’ and bonding modoa, 
r oap oo 1 1 VO 1 V ( No v , 1 d 7 7 1 ■ 

Pay (id7b) baa proparod aniorphoua hydroua allloatoa by proclplta- 
t Ion from aolntlon and tound clono ap.roomont vjlth tho lOpiu Infrarod 
apoctrviiii ot tho Booklln-Nouj»obauor objoct In Orion aa woll aa wltli tlio 
matrix matorlal of Lypoa I and 11 oarbonaoooua chondritio motoorltoa. 
?.alkoWakl ot at. (Id7'i) ahowod that tho lOinn apoetra of aoiiio cryatalllno 
hydroua allloatoa alao had a oloao roaomblonco to tho aatronomioal 
apoetra. 

Additional anpport for tho Idontiflcation of alllcato matorlal has 
boon baaod on thormodynanilc calculations of tl\o stability of alllcato 
nilnorala (iMlman, 1969 ; ilroasman and barimor, 197^i; Field, 197A). This 
proooduro baa boon criticized by Ponn (1976). Condensation theory will 
bo reoxaminod in a forthcoming paper. 

Bocauso of the importanoo of silicate material in grain models, we 
began with an investigation of the eondensntlon of magnesium silicates 
from the gas phase. 


II. DESCRIPTION OF THE EXPERIMENT 


Magnesium silicate grains were condensed by simultaneously evaporating 
Mg and SiO solids into an atmosphere of argon or hydrogen at a pressure 
of a few torr. ITie two source materials were placed in crucibles or 
molybdenum baskets about a centimeter apart. The temperatures of the 
two were independently controlled through the use of two variacs. The 
temperatures were monitored by Pt-Pt/13% Rh thermocouples. Average 
temperatures were around 700°C for Mg and 1400°C for SiO. By varying 
the temperatures, silicates with a large range of Mg/Si ratio were obtained » 
The actual ratios were qualitatively determined in a few cases. 

\irtien the temperatures became high enough a mixed Mg-SlO cloud 
formed within a few centimeters of the sources and smoke would condense. 
Convection currents carried these upward and deposited them on a stain- 
less steel collecting plate about 15 cm above the crucibles. 

In a few runs the particles were subsequently dispersed on formvar 
films and examined by electron microscopy and electron diffraction. 

For some other runs an electron microprobe was used to determine com- 
position. In other cases, X-ray flourescence was used. Following 
every run some of the particles were dispersed in KBr pellets for examina- 
tion of their infrared spectrum. 

For most runs, samples were annealed at 500°C and 1000°C for one 
hour in vacuum. In some cases, intermediate temperatures were used to 
better define transition points. With the later experiments in the 
series the condensation temperature was controlled by having the 
sources approximately centrally located within a reslstlvely heated 
aluminum oxide tube. Tliis auxiliary furnace was 10cm diameter and 


3 


iiiul 20 om hl^h. Oas toinin’ratuvoa within the fuiMiaco wore mensufed with 
a thoniioeouple . This was adopted as the nominal condensation tempera- 
tui’e. The result we found , that the quantity of smoke produced hod 
a liigh dependence on the nominal temperature, indicates tltnt the source 
heatlnp, produced only a small modification of the temperature. A 
diagram of the experimental arrangement is given in Figure 1. 

Slightly under 0.5g each of Mg and SiO wore vaporised in approxi- 
mately 5 minutes during an experiment. An estimate of tlie steady state 
reactant pressures from convection or from diffusion indicate about 
1 torr. 

III. RESU T.TS 

The condensed grains were quite unlike common terrestrial silicates. 
They were tan to Sot black and exhibited various degrees of instability. 
Most of the black material exploded violently when ignited after removal 
from the chamber. Some samples burned leaving a white or gray ash. 

The explosive quality would greatly diminish if the grain were exiiosed 
to air overnight when it could slowly oxidize. Vaporization of SlO 
hy itself always yielded mainly Si,,0^ smoko (Day and Doiin, 1977) rather 
than SlO which occurs with vacuum deposited films. 

Electron microscopy showed that the Individual grains were on the 
order of few hundred angstroms. Diffraction studies were carried out 
on smiiples from several experiments. Tlie initial condensates were 
amorphous grains. Heating to 1000°C converted them to crystalline 
forsterlte (Mg.,SiO^). This was true no matter what the starting 
composition wa.s. We were never able to produce enstat ite (MgSiO^) or any 
otiier magnesium silicate in detectable amounts. 


Our microprobc! measurements were preliminary and very Incomplete 
but certain trends wore evident. The grains condensed without regard 
to mineral stocliiometry and ranged from some with very high magnesium 
to almost pure silicon oxide. The Mg/Si ratio also varied witliin a give 
experiment for grains condensed from the same cloud. Tlie Mg/Si vapor 
ratio within the cloud would be expected to vary considerably also. 

The infrared spectrum was obtained for essentially all samples. 

Tlie infrared spectra of the amorphous material (Figures 1 and 2) of 
most runs bear a strong resemblance to the often observed interstellar 
and circumstellar 9.7)i feature. It is interesting to note tliat varia- 
tionn in tlie Mg/Si ratio produce some shift in the position of the 
principle peak near lOp. High-Mg varieties peak near lO.Opm, whereas 
hlgh-Si ones peak around 9.5 imi, thus bracketing the range in which 
the astronomical feature occurs. Substantial differences in the ratio 
of 10 to 20 peak heights were found. In every case, the spectra of 
Che 1000°C annealed sample was that of Mg 2 SiO^. In a few instances 
evidence for amorphous Si02 or of SI 2 O 2 was found. Tliese were 
associated with excess SiO in the condensate. In a number of runs 
the Initial condensate had a very weak 10pm peak and a much stronger 
20pm peak. Heating to 500°C always increased the 10pm band relative 
to the 20. Even for these samples, the 1000°C anneal produced a 
fosCerite spectrum as in Figures 1 and 2. 

The auxiliary furnace was provided to study condensation at con- 
trolled temperature, This had two objectives: (1) to determine the 
temperature dependence of condansation and (2) to compare Che nature 
of the condensate and annealed grains as function of temperature. 
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I’lipliUt;* qti.iiU tt it’fi oi iJtnoUi* wi'i'i' ohlixliu'd with the ausH lavy tuvuaco 
eota. I'hi' >vi:i U'luiun’aturi' In the eoiulenaat Urn ivi'.ion wat; heated to 
to eompare the ^;^noke with lunoUe aimealeil to ^lOO 0. 'I'o ovir 
tjvu’prlfu', no eonvlennat Ion oeenri‘ed. A p,ood fiifpply xs-as; obtained at 
and a ninalJ amount at .’»00'\h A traee of ninoUe wan einieeted 
at *i00^'t’ wixen the tsouree tewpeiMtiifi’tJ x>rere rained, Inei'eanlnjt the 
reaetant eonei’Ut ral Ivin In the elinid. 


IV. mSCtidSION 

The ailleate maleriai we v'ondenned x^an in a highly reduced t'Oiull" 


tlou axtd seetiied to be tlie name uhelher the ambient atmosphere wan artwm 

vvr hvdrop.en. At tempo raUiren up to KOOK amorplnnia, non-' 

atoeliiiiiiietrle niuinn were obtained, hurlnp, the 12 V 0 K (1000 C) anneal 

a map,nesium mirror deposited in the eooler rep, Ion outside the rurmice, 

or a iv’hit l;;h'-vel lo\>> .si Ueaceouu deposit would oeeni'. The aworplions 

pralns were very stable, resisting reerystal irat ion to alum' 1100*^ K. 

11)0 vapor pressure ei silieates is extremely low below 800 K. For 

lunar rooks, the partial pt'essure ol .810 ,jl 1700 K is 10 atm. 0.7b 

Ton- tvlo Marla ot al., Unil, A pross oxt rapolat ivm of their linear 

vn P vs l/T curve vieUls P(800 Kl bxio"^’ Torr. For SUV, (eristobal Uel 

-7 

SeliicU (inuOT iu his review reports I’lStO) 'ixlO Torr at l-'x?!) F. 

Pospite the extremelv U'W eipilllbrlum vapor pressure at BOO K for 


silicates and vu'usenuent supersatu rat Ions 


in our experiments pn'ater 


than I iv\ neither mapnes I um silieates nor silicon v'xldes eoudensod. A 
tirst order cemparlson of the laboratory and aslronomieal systems is 


piven in T.ihlc' 1, fills ovunparor. 
vllstanev' scales and time sc.iles. 


the Important parameters, pressure, 
The l.vsl I’ow lists tlie (]uantUv 


U 


which is pliysically most relcvont, the total number of collisions. We 
note that this quantity is sPncrally comparable among laboratory-cloud 
pairs. In t!ie forthcoming theoretical analysis it will be show that 
dependence of processes involved in condensation substantially inliibits 
nucleation at low pressures characteristic of clouds. 

The fact chat it is very difficult to condense refractory grains 
at ambient temperatures of a few hundred degrees Celsius, even with 
very high supersaturations present indicates that the barriers to 
nucleation of silicates from a homogeneous vapor are quite formidable. 
Even simple systems, such ns the condensation of metallic iron from 
the vapor, as discussed by Blander and Katz (1557) can withstand high 
supersaturation without nucleating. 

Ex])erlmentally, Frurip and Bauer (1977) obtained critical super- 
saturations in the range of a hundred to several thousand for iron, 
lead and bismuth. Since none of the common terrestrial magnesium 
silicates (Mg2S10^^, MgSiO^, etc.) has been recorded in the vapor state, 
the problem of nucleation from a mixture of component vapors is even 
more difficult (Donn, 1976), This problem has received inadequate 
attention and the theory is presently inadequate to deal with it. 
However, the implications for the early stages of condensation in 
astronomical clouds arc quite profound. The experimental approach 
appears to be quite fruitful and is being extended by the authors to 
cover more complex situations and to make more quantitive experiments. 

V. CONCLUSIONS 

nils paper presents the first results from a series of experiments 
designed to explore the nucleation of small silicate groins from a vapor 
of asUrophysically significant elements and compounds. We conclude: 
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1. Ac low ti'miH'faCiiroB (co a fow luindrod dt'Rroos Celsius) the 
ooHdoasatca are amorphous and have widely varyliiR stoichlorntjcrlea . 

Hie eompounds most stable tliermodynamlcally (Mp,„ SIO, , MgSlO^ and S10~) 
do not readily Conn, 

2 . At liifilier temperatures (above 700''^R) , It becomes very difficult 
to nucleate any silicates at all, and those that did form wore amorphous. 
This shows that surface energies and kinetic effects, v^hlch determine 
tlje stability and growth of small clusters, are very important lit 
determining under wliac conditions condensation will occur. 

3. The Infrared spectra of the experimentally ptoduced magnevslum 
silicates liave a strong resemblance to those obsoi'ved In many astro- 
nomical clouds, 
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TABLE I 


Condenention Conditions 


Lab, 


Total Pressure (torr) 5 

Condensible Pressure (torr) 1 
Distance Scale (cm) 10 

Time Scale (s) 1-10 

No. of Collisions a PT 1-10 


A = primordial nebula 
B “ circumstellar shell 
C “ dark cloud 
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FIGURE CAPTIONS 


Figure 1. Diagram of apparatus i 

Figure, 2, Infrared spectra of nominally high Mg smoke condensed at 

300°K, initial condensate; heated to 8Q0°K in 

vacuum; heated to 1300°K in vacuo. The last is the 

spectrum of crystalline forsterlte, Mg^SlO^^. 

Figure 3. lafrarcd spectra of nominally high Si smoke condensed at 
300*''K. — * — initial condensate; — heated to 800‘^K in 

vacuo; **•>• iieated to 1300°K Jn vacuo, Tlic last is 
forsterite, with a small percentage of amorphous quartz 


admixed. 
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